In some myopathies of distal onset, the intermediate filament desmin is abnormally accumulated in skeletal and cardiac muscle. We report the first point mutation in desmin cosegregating with an autosomal dominant form of desmin-related myopathy. The L345P desmin missense mutation occurs in a large, six generation Ashkenazi Jewish family. The mutation is located in an evolutionarily highly conserved position of the desmin coiled-coil rod domain important for dimer formation. L345P desmin is incapable of forming filamentous networks in transfected HeLa and SW13 cells. We conclude that the L345P desmin missense mutation causes myopathy by interfering in a dominant-negative manner with the dimerization-polymerization process of intermediate filament assembly.
INTRODUCTION
Primary muscle disorders of distal onset are a rare and unusual collection of inherited myopathies. These disorders, commonly known as the 'hereditary distal myopathies' (HDMs) (1, 2) , are typically first evident in muscles of the feet or hands. HDMs are heterogeneous and have been grouped according to clinical presentation, pathology and mode of inheritance (2) .
One type of HDM is characterized by a pathological accumulation of the muscle-specific intermediate filament (IF) protein, desmin (OMIM 610419). Similar to the >60 other members of the IF family, desmin (53 kDa) consists of a central α-helical coiled-coil rod domain flanked by non-helical head and tail domains (3, 4) . The rod domain is highly conserved among the various IFs, and is the subdomain important for dimer formation, an essential first step in filament formation (3) . In normal muscle, desmin forms the IF cytoskeleton of mature skeletal and cardiac muscle fibers (5) (6) (7) . During myogenic differentiation, the intracellular localization of desmin changes from the IF network typical of most mononucleate cells to a muscle-specific localization to the subsarcolemma and to the Z-band region, where it is linked to plectin (4) . Immunohistochemical staining of muscle biopsies of patients affected by some forms of HDM reveals accumulation of desmin as granulofilamentous material in the subsarcolemmal spaces. Since the first description in 1978 of a hereditary distal myopathy with inclusions of desmin in skeletal muscle (8) , a number of cases of hereditary myopathies with desmin accumulation have been reported (9) . Most of these are inherited as autosomal dominant traits (8, (10) (11) (12) (13) , and many include cardiac involvement (8, (10) (11) (12) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Hereditary distal myopathies associated with desmin accumulation have been collectively dubbed 'desminopathies' (23, 24) .
Despite the consistent finding that desmin is accumulated in desmin-related myopathies, a primary role for desmin in these disorders has been questioned. First, deposits of other proteins, including αB-crystallin (19) , α-actinin (25, 26) , nebulin (25, 26) and dystrophin (26) have been reported. Second, three families with autosomal dominant desminopathies were excluded from linkage to the desmin gene on human chromosome 2q (27) . Finally, a missense mutation in the αB-crystallin gene at 11q21-q23 was identified in a large French family with a desmin-related myopathy (28) . Taken together, these results implied that desmin accumulation may be a secondary, rather than a primary, feature of these myopathies.
Recently, mutations in the desmin gene have been reported to be associated with myopathy in three small families (29, 30) . A familial desmin mutation encoding a 7 amino acid (R173-E179) deletion (30) has recently been shown to interfere with IF formation. However, in this case, a clinical myopathy was not evident in family members who retained the wild-type desmin allele, but only in one family member with a loss of the wild-type allele concomitant with the presence of the mutated allele. Separately, myopathy-associated mutations in desmin were reported in single, small families exhibiting autosomal recessive and autosomal dominant inheritance (29) . The recessive patients were demonstrated to be compound heterozygotes for two different desmin point mutations (A360P and N393I). In the family with apparent autosomal dominant inheritance, two siblings with the mutation were affected with myopathy, and shared a desmin mutation (A337P). However, co-transmission of the myopathy along with the mutation could not be demonstrated because of small family size.
We report here an L345P desmin missense mutation in affected members of a large, six generation Ashkenazi Jewish family with a myopathy mapped by genetic linkage to human chromosome 2q33 (12, 31) . The symptomatic members of this family were affected in early to middle adulthood with distal leg weakness, progressing over 5-10 years to involve proximal, bulbar and facial muscles (12) . Frequent cardiac involvement was present in the form of arrhythmias, conduction blocks and congestive failure. Histopathological findings included granulofilamentous deposits of desmin and the presence of autophagic vacuoles in skeletal muscle. Frequent signs of end-stage myopathic changes with fibrosis and replacement by fat cells were also observed. The L345P mutation occurs in segment 2B of the rod domain of desmin, where proline substitution would be predicted to disrupt helical packing essential for dimer formation. Further, in vitro transfection experiments demonstrated that this mutation disrupts cytoskeletal formation in living cells, suggesting a dominant-negative mechanism as the basis of this HDM.
RESULTS

Clinical description of a patient with desmin-related myopathy
Detailed clinical descriptions of the desmin-related myopathy affecting members of this large, six generation Ashkenazi Jewish family have been previously reported (12) . At present, 28 members over six generations have been affected by this myopathy. For this report, the index case is a 49-year-old female with an autosomal dominant distal myopathy with desmin inclusions and cardiac involvement. Her father was affected. She presents with a 15 year history of slowly progres- sive muscle weakness beginning in the lower extremities. Weakness in the left foot gradually spread to the right foot and to more proximal muscles resulting in frequent falls. Clinical examination revealed a waddling and steppage gait. There was decreased strength in the more proximal leg muscles and severe atrophy, more pronounced distally. In the upper extremities a slight muscle weakness and muscular atrophy was observed distally. Tendon reflexes were normal in the arms and absent in the legs. The sensory functions were normal and there was no myotonia. CK was mildly elevated, 350 IU/l (normal <150 IU/l). There were no cardiac symptoms and heart rate was normal.
Electrophysiological examination showed normal motor and sensory conduction velocities. On electromyography, fibrillations and short duration, low amplitude, motor unit potentials, compatible with a myopathic process, were evident in multiple muscles of upper and lower extremities. ECG was abnormal showing a first degree AV block, a right bundle branch block, ST segment elevations and inversion of T waves. Echocardiography was normal.
Muscle pathology of index case
A muscle biopsy of the left vastus lateralis muscle showed fibrosis and fatty interstitial infiltration ( Fig. 1a and b) . There was variation of muscle fiber sizes with hypertrophic and highly atrophic muscle fibers found scattered or in groups. There was an increased number of fibers with internal nuclei which were numerous in some hypertrophic fibers. Occasional fibers with rimmed vacuoles were seen (Fig. 1b) . The fiber type differentiation and composition were normal according to myosin-ATPase staining. Immunohistochemical staining for the muscle IF proteins desmin, vimentin and nestin showed an excess of all three, with abnormal intracellular localization ( Fig. 1c-e) . Anti-desmin reactivity was intense in aggregates with a subsarcolemmal location, but was also seen as spotty inclusions throughout the sarcoplasm (Fig. 1c) . Vimentin immunoreactivity was detected in some, but not all, of the desmin-containing inclusions (Fig. 1d) . Nestin, more abundant than vimentin, also displayed a similar pattern as desmin (Fig.  1e) . A normal subsarcolemmal staining of dystrophin was seen in most cells. However, in a few fibers there was an accumulation of dystrophin seen in the sarcoplasm (Fig. 1f) .
A desmin mutation in myopathic family members
Prompted by previous findings of mutations within the coiledcoil rod domain of keratins in epidermolysis bullosa simplex, exhibiting cytoplasmic accumulations of intermediate filaments similar to those found in desmin-related myopathies (32), we sequenced the region encoding the desmin rod domain of the index patient and patients V-24 and V-25. In all patients, DNA sequencing of the rod domain showed a previously unreported T→C transition at nucleotide 1034 ( Fig. 2a; data not shown). This missense mutation leads to a leu→pro (L345P) amino acid exchange. To verify the mutation, and for further screening of family members, we constructed a mismatch primer that introduces a BclI restriction enzyme site in the PCR product of the wild-type allele. When this assay was performed on genomic DNA of the index patient, the restriction enzyme cleavage showed a pattern consistent with one mutated and one wild-type allele. Twenty-seven members of the family with myopathy were analyzed using the PCR-based method of introducing a restriction enzyme site in the wild-type allele. We found that all seven affected family members had a cleavage pattern consistent with a heterozygosity at the site of mutation (Fig. 2c) . No mutations were found when evaluating 40 healthy unrelated Caucasians (80 chromosomes; 0.04 upper 95% confidence limit). The presence of a mutated allele in affected family members was further confirmed by SSCP analysis (Fig. 2d) . The L345P mutation resides in the α-helical coiled-coil segment 2B of the central rod domain of desmin (Fig. 3) .
The L345P mutation affects IF assembly
The central rod domain of IFs consists of four α-helical segments, 1A, 1B, 2A and 2B, separated by three linkers, L1, L12 and L2. The α-helical domains are composed of heptad repeats of amino acids ('a-b-c-d-e-f-g') , where the 'a' and 'd' positions generally are apolar and conserved through evolution (33, 34) . Leu345 is located in a 'd' position, and is extremely well conserved when different groups of cytoplasmic IFs are compared (Fig. 4) . To analyze the functional significance of the L345P mutation we introduced a mutation causing this amino acid exchange in an eukaryotic expression vector containing the complete mouse desmin cDNA. Over the 2B segment 120 of 121 amino acids are identical between the human and mouse species. SW13 clone 2 cells contain no IFs and are therefore suitable for studies on IF assembly. When these cells were transiently transfected with the mutated desmin, no filaments were formed and immunofluorescent staining showed a speckled pattern (Fig. 5a ). This pattern contrasts sharply to the filamentous pattern in SW13 cells transiently transfected with wild-type mouse desmin (Fig. 5b) . In HeLa cells, which contain separate vimentin and keratin networks (35) , transiently transfected wild-type desmin is incorporated into the vimentin IF network (Fig. 5c and d) . The mutated desmin construct, however, does not incorporate into the pre-existing vimentin network, but in fact disrupts this network into speckles or tonofilaments ( Fig. 5e and f) .
DISCUSSION
The desmin L345 missense mutation reported here occurs in affected members of a large, six generation Ashkenazi Jewish family with autosomal dominant inheritance of a myopathy characterized by granulofilamentous desmin inclusions and myopathic changes (12) . Genetic linkage of this family to the segment of chromosome 2q containing the desmin gene has been reported (31) . The L345P mutation occurs in all myopathyaffected family members while being absent in the 20 healthy family members included in this study and in 40 unrelated Caucasian individuals (80 chromosomes), strongly implicating the L345P desmin mutation as the etiological basis of this myopathy. This family is the first example in which genetic transmission of a desmin mutation is intimately associated with occurrence of an autosomal dominant desmin-related myopathy. A total of five desmin mutations have now been detected in four different families, all with desmin-related myopathy and cardiac involvement (29, 30 ; this report). Further, all these desmin mutations occur in the rod domain: one in segment 1B and the others in segment 2B (Fig. 3) . Both dominant desmin mutations (A337P and L345P), as well as one of the recessive mutations (A360P), involve substitutions to proline. Proline is rarely found within the heptad core of the coiled-coil rod domain of IF proteins (33) . It is a known disruptor of α-helical structure because it imposes severe stearic and hydrogen bonding constraints on α-helix formation, and in vitro mutagenesis has demonstrated a helix-perturbing effect of proline, resulting in aberrant filament formation (36, 37) . Proline normally never occurs in 'a' and 'd' positions in desmin or other type III IFs, whereas leucine is present in 70% of these positions (33) . The L345P mutation occurs at a 'd' position of the heptad substructure ('a-b-c-d-e-f-g') of the rod domain, where 'a' and 'd' usually are apolar residues forming an internal hydrophobic core of the coiled-coil structure (33).
Leu345 of desmin is more highly conserved than 'd' positions in general, and is found in the consensus sequence of all five types of cytoplasmic IF (Fig. 4) , suggesting a functional significance for this particular leucine.
The specific type (conserved leucine to helix-breaking proline) and position ('d' of the heptad repeat, within the rod domain) of the L345P mutation suggested that the mutation might interfere with dimerization, thus affecting desmin filament formation. Our transfection data using L345P mutated desmin confirm that the mutation interferes with filament formation both in IF-free SW13 cells and in HeLa cells with a pre-existing vimentin IF network. In HeLa cells, expression of the L345P mutated desmin resulted in disruption of the vimentin IF network, suggesting a dominant-negative effect of L345P desmin on filament formation. The dominant-negative mechanism proposed here is consistent with the autosomal dominant inheritance pattern observed for this family's desmin-related myopathy. It is interesting that both dominant desmin mutations (L345P and A337P) in rod segment 2B are Interesting parallels exist between the myopathies with desmin mutations, and the hereditary skin disorder epidermolysis bullosa simplex (EBS) caused by mutations in another IF protein, keratin (32) . Both disorders are characterized by abnormal intracellular accumulation of IFs, and the mutations in the respective IF protein primarily affect the rod domain. In EBS, mutations within the highly conserved rod ends are associated with the most severe clinical phenotype (32) , and with a more pronounced inhibitory effect on filament formation than mutations located more centrally in the rod domain (38) . Mutations within segment 2B are instead correlated with an intermediate clinical phenotype, Köbner EBS, and with a retained ability to produce aberrant, short IF rod structures (32, 36, 38) . The severe effect of the L345P mutation in our transfection experiments compared with those performed with mutations in similar regions in keratins (36, 38) , may be due to the fact that desmin forms homodimers while keratins are obligate heterodimers and therefore always have one non-mutated IF protein partner in the initiation of filament formation.
Until recently, there was doubt regarding the significance of desmin as a cause of the desmin-related myopathies, despite prominent subsarcolemmal deposits of desmin within muscle. For a span of almost 20 years, since the time of description of the first case of desmin-related myopathy in 1978 (8) , no mutations in desmin were reported. Further, the observed alteration in levels of other cytoskeletal proteins in affected muscle added to the uncertainty regarding whether mutated desmin was the primary defect in these myopathies. Finally, three families with clinically identical autosomal dominant desminopathy were recently excluded from linkage to the desmin gene on chromosome 2q (27) , indicating that genes other than desmin were the cause of these myopathies, perhaps in a majority of families. It was only with the report of the first desmin mutations associated with desmin-related myopathy (29, 30 ) that a central involvement of desmin in the myopathies was newly appreciated. Indeed, the discovery of a mutation in the αB-crystallin gene (28) , whose product is a molecular chaperone orchestrating the proper folding of desmin, underscores the central importance of desmin as the basis underlying most desmin-related myopathies. The results presented here are the first thorough demonstration of the hereditary nature of a desmin mutation in a large family segregating a desminrelated myopathy, and serve to confirm and extend the primary nature of desmin defects as a basis of these myopathies.
MATERIALS AND METHODS
Muscle biopsy analysis
A skeletal muscle biopsy was obtained from the vastus lateralis muscle with a percutaneous conchotome method (39) . The biopsy was allowed to relax, and was after a few minutes frozen in liquid Freon13, kept at its melting point (-190°C) by liquid nitrogen. Biopsy material was stored at -75°C until further processed. Sections of the muscle biopsy were cut in a cryostat operating at -25°C and dessicated for 1-2 h followed by a 30 min incubation with 3% bovine serum albumin in phosphate-buffered saline (PBS) and stained with hematoxylin and eosin (H&E). Adjacent sections were stained with mouse 
DNA analysis
For sequence analysis total RNA was extracted from a muscle biopsy specimen from the index patient and converted to DNA using reverse transcriptase. PCR was performed using the primers HDesL1 (TGGACTTCTCACTGGCCGAC) and HDesR1 (GGAAGTTGAGGGCAGAGTAGGTCT) which cover the complete rod domain of the desmin cDNA. The PCR product was inserted into a TA-vector (Invitrogen, Leek, The Netherlands) and sequenced using M13 primers and five desmin-specific primers. Analyses of genomic DNA from the patient and normal controls were performed on whole blood. DNA was extracted from the blood cells using the QiAmp kit (Qiagen, Hilden, Germany) and 60-300 ng were used as templates in the following PCR reaction. To detect the mutation, a part of intron 5 and exon 6 was amplified using as forward primer 5′-CTGCTAGTGTCCTCTTCCCTT-3′ and as reverse primer 5′-AATTCCCGCATCTGCCTGATC-3′ that includes a mismatch nucleotide (shown in bold). By making this base alteration, an artificial BclI restriction enzyme site (TGATCA) is introduced in the PCR product of wild-type desmin, but not in the mutated desmin. The restriction enzyme fragments were analyzed on a 4% agarose gel (NuSieve; FMC, Rockland, ME). Sequence analysis of the nucleotide sequence encoding the rod domain of wild-type desmin revealed an additional alanine residue between ala134 and leu135 compared with the first reported sequence in GenBank (accession no. M58168). We have therefore in this report used the numbering of the corrected amino acid sequence recently reported by Goldfarb et al. (29) (GenBank accession no. AF055081).
Site-directed mutagenesis
To make a leu→pro codon change in the desmin gene for the transfection studies, we used a mutated oligonucleotide for site-directed mutagenesis into a pBK-RSV vector (Stratagene, La Jolla, CA) containing the mouse desmin cDNA (kindly provided by Dr Wallace Ip, University of Cincinnati, OH). The oligonucleotide 3′-CCAACGACTCCCCCATGAGGCAG-5′ both introduces the trinucleotide codon for proline (underlined) and a new NlaIII site (CATG) for selection (mismatches in bold). The inserted mutation was verified by DNA sequence analysis.
Cell culture and DNA transfection
The SW13 cell line is derived from a human adrenal cortex carcinoma. SW13 clone 2, a kind gift of Robert M. Evans (University of Colorado, CO), is subcloned to contain essentially no cytoplasmic IFs (40) . Cells were grown in a medium containing equal volumes of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 supplemented with 5% fetal calf serum (Gibco BRL, Paisley, UK) and 50 µg/ml of Gentamicin (Gibco BRL). For transfection 0.5 × 10 6 cells were plated in a 63 cm 2 dish and grown overnight. DNA transfection was carried out using the calcium phosphate co-precipitation method (41) . The expression vector (10 µg) was added to each cell dish and incubated overnight.
Immunofluorescent staining
The cells grown on coverslips were fixed for 10 min with 4% paraformaldehyde in PBS, permeabilized with 0.5% Triton X-100 in PBS for 5 min, rinsed three times in PBS and incubated for 30 min with 3% bovine serum albumin in PBS, and subsequently incubated for 2 h at room temperature with a mouse monoclonal anti-desmin antibody D33 (Dako) diluted 1:200. For the double staining the cells were incubated for 2 h with polyclonal anti-desmin (Dako) followed by 2 h incubation with mouse monoclonal anti-vimentin Vim3B4 (Roche Diagnostics) diluted 1:20. TRITC-rabbit anti-mouse antibodies were used as secondary antibodies for the single stainings and TRITCswine anti-rabbit and FITC-rabbit anti-mouse (Dako) antibodies, all diluted 1:50, were used for the double stainings (incubation time 1 h). To block 'sticky ends' of the conjugated anti-rabbit antibody in the double immunofluorescence studies, the cells were incubated in rabbit sera diluted 1:10 for 1 h before applying the second primary antibody. Coverslips were mounted in fluorescent mounting medium (Dako). The specificity of the double immune staining has been described previously (42) .
